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SUMMARY 
Solid electrolytes, as a promising replacement for the flammable liquid electrolyte in 
conventional Li-ion batteries, may greatly alleviate the safety issues and improve the 
energy density. However, mainstream electrodes are also solid. If solid electrolytes were 
employed, creating intimate electrode-electrolyte contact similar to that between solid 
and liquid would be quite difficult. Here, we discovered that, by forming epitaxial 
interfaces, such a seamless solid-solid contact can happen between two widely studied 
systems: the Li-rich layered electrode and perovskite solid electrolyte. Atomic-resolution 
electron microscopy unambiguously demonstrated that the former can be epitaxially 
embedded into the latter. The solid-solid composite electrode formed this way exhibited a 
rate capability no lower than the one based on solid-liquid contact. With the periodic 
misfit dislocations reconciling structural differences, such epitaxy can tolerate large 
lattice mismatch, and thus may happen between many layered electrodes and perovskite 
electrolytes. By effectively maximizing the solid-solid electrode-electrolyte contact, the 
strategy proposed here paves the way for unlocking the full potential of solid electrolytes.  
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INTRODUCTION 
Solid electrolytes hold great promise for overcoming several bottlenecks of conventional 
Li-ion batteries with liquid electrolytes, especially the notorious safety issues and the 
“glass ceiling” for energy density.1-3 Nowadays solid electrolytes can reach conductivities 
comparable to that of liquid ones,4-6 and their compatibility with electrodes may also be 
effectively improved.2, 6, 7 Regardless, when it comes to the fabrication of composite 
electrodes for battery assembly, replacing liquid electrolytes with solid ones still leads to 
inferior performances:8-11 with both electrodes and electrolytes being solids, an intimate 
electrode-electrolyte contact like that between solid and liquid is very difficult to form.  
 
During charging and discharging, Li transfer between the electrode and electrolyte can 
only happen at their interfaces.10, 12 Therefore, ideally the electrode particles should be 
pervasively surrounded by electrolyte within the composite electrode.8-10, 12 While such 
an intimate contact is almost naturally guaranteed in conventional Li-ion batteries using 
liquid electrolyte, it poses a formidable challenge for solid electrolytes.8, 10, 13 The solid-
solid composite electrodes made by the widely adopted cold-pressing method typically 
exhibit a relative density of only 70-80%,14 because the non-infiltrative solid electrolytes 
cannot permeate the 20-30% empty space like liquid to fully cover the electrode particles. 
Such a limited electrode-electrolyte contact severely compromises the efficiency of Li 
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transfer.10, 13, 15 Consequently, despite the increasingly higher conductivity of solid 
electrolytes, the rate capabilities of most solid-state batteries are still far below 
satisfactory level.10, 15, 16  
 
The demand for addressing this issue immediately raises a dilemma in solid-electrolyte 
selection. Preferably, solid electrolytes should be easily deformable, so that they may 
cover more surface areas of electrode particles after pressing.10, 17 This is especially 
critical for contact with cathodes, as most cathodes themselves are non-deformable 
oxides. Such a plasticity requirement largely limits the candidates of solid electrolytes to 
sulfides and polymers,10, 17 but both have their own issues. Sulfide electrolytes typically 
exhibit poor compatibility with cathodes.15 The potential difference between oxide 
cathodes and sulfide electrolytes may induce space charge layers that impede Li 
transport,7, 15 while their mutual diffusion has also been observed to form resistive 
interfacial layers.15, 18, 19 Additionally, most sulfide electrolytes are unstable against 
moisture in air.20, 21 As for polymers, the ionic conductivity is generally low,22, 23 and most 
of them show a non-unity Li transference number, which would lead to a detrimental 
concentration polarization during cycling and jeopardize the power density.22, 23 In 
contrast, oxide solid electrolytes are not plagued by any of these issues. They possess a Li 
transference number equal to unity, relatively high ionic conductivity, good stability in 
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ambient atmosphere, and an enhanced compatibility with cathodes.3, 7, 11, 24 Unfortunately, 
mainstream oxide solid electrolytes with high conductivities are rigid and brittle just like 
cathodes.24 Since neither of them can permeate the empty space to cover the other, an 
intimate solid-solid contact similar to a solid-liquid one is believed impossible.10, 17   
 
In this work, such a seemingly impossible intimate contact was demonstrated between 
two appealing oxides: Li0.33La0.56TiO3 (LLTO) solid electrolyte, whose bulk conductivity 
is approaching that of liquid electrolyte,25 and a Li-rich layered electrode, which may 
deliver extremely high capacity.26 These materials differ greatly in structure, but, 
surprisingly, epitaxial interfaces were unambiguously observed between them. With Li-
rich layered oxides embedded within the LLTO matrix in such a manner, a solid-solid 
contact no less thorough than the solid-liquid one was realized in an “epitaxial composite 
electrode”, which exhibited a rate capability comparable to the slurry-cast composite 
electrode in conventional Li-ion batteries. The principle reported here may inspire an 
efficient protocol for addressing the electrode-electrolyte contact issue for solid-state 
batteries.   
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RESULTS AND DISCUSSION 
Starting point of the discovery: A second-phase particle 
It is well known that the high sintering temperature required to densify oxides would 
cause Li evaporation.27-29 The excess Li added to compensate for this loss can only ensure 
the overall stoichiometry, while local composition fluctuation is still inevitable.27-29 As 
such, minor impurities that are invisible to x-ray diffraction may always exist.30 Our 
discovery begins with one such second-phase particle. As shown in Figure S1, the LLTO 
ceramic we prepared is phase-pure by x-ray diffraction, and the ionic conductivity is also 
consistent with literature.29 However, trivial amount of second phases were observed by 
electron microscopy, and, interestingly, they were frequently embedded within the LLTO 
grains. Figure 1A displays a representative high angle annular dark field (HAADF) 
scanning transmission electron microscopy (STEM) image for this phenomenon, where 
the second-phase particle showing much darker contrast than LLTO (surrounding regions 
with bright contrast) was clearly visible. Given that the image intensity I of HAADF-
STEM is dictated by the average atomic number Z of the elements present (I ∝ Z1.5-1.8),31 
the dark contrast of this particle entails a quite dissimilar composition from that of LLTO. 
On the other hand, the crystal structures are completely different too. Since the alternate 
stacking of La-rich and La-poor A-site layers in LLTO may happen in any of the three 
{100}p planes (the subscript p refers to the prototype perovskite unit cell), the LLTO 
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grains, correspondingly, consist of domains with three possible orientations.25, 29 If the 
{100}p plane showing this ordering was parallel with the zone axis along which the 
imaging was performed, the alternate stacking between bright (La-rich) and dark (La-
poor) A-site layers would be visible, like region I in Figure 1A (see enlarged image in 
Figure 1B). Otherwise the intensity will be nearly the same among all the A-site columns, 
like region II in Figure 1A (see enlarged image in Figure 1C). Regardless, both regions I 
and II agree well with the LLTO structure; their difference lies only in the specific <110>p 
axis to view along. In contrast, neither of these two atomic models appears to match the 
second phase (Figure 1D). Clearly its structure does not belong to the perovskite family. 
These results suggest the second-phase particle differs greatly from LLTO in both 
chemistry and structure. Nevertheless, epitaxial interfaces were formed between them 
(Figure 1A), making the solid-solid contact here no less intimate than a solid-liquid one.  
 
Structure and composition of the second phase 
The observation of the second phase immediately raised a question: what is it? Our 
efforts to answer this question began with the composition analysis. Figure 2A shows the 
energy-dispersive X-ray spectroscopy (EDX) mapping result. It suggests that La was 
absent in the second-phase particle, while the Ti content was comparable with that in 
LLTO. Figures 2B-2D display the results of electron energy loss spectroscopy (EELS), 
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which is sensitive to light elements, e.g., Li and O, and can also reveal the bonding 
information.32 The second phase was observed to possess a much stronger Li-K signal 
than LLTO (Figure 2B), implying a significantly higher Li content. Figure 2C compares 
the Ti-L2,3 white lines. Ti-L2 and Ti-L3 are induced by the electron transitions from 2p1/2 
and 2p3/2, respectively, to unoccupied 3d orbitals, and their intensities with respect to each 
other are sensitive to the oxidation state of Ti.33, 34 The second phase exhibited a smaller 
L2/L3 intensity ratio than LLTO (Figure 2C), indicating its Ti was reduced compared to 
that in the latter. Using the universal method for valence determination (Supplementary 
Note 1),33, 34 the average oxidation state of Ti in the second phase was found to be 3.54+ 
(Figure S2). Beyond the intensity, the t2g/eg peak splitting of Ti-L2,3 also disclosed 
interesting information. The second phase largely inherited the t2g/eg peak splitting in 
LLTO, except that its t2g and eg were slightly more separated (Figure 2C). Since such a 
splitting originated from the bonding of Ti with its six neighboring O,34, 35 the TiO6 
octahedra similar to (but not identical with) those in LLTO may very likely dominate the 
Ti-O coordination in the second phase. Finally, dramatic differences were observed in O-
K (Figure 2D), which reflects the bonding of O with adjacent cations.32, 35 The distinct 
fine structures shown here again suggest that the second phase did not share the same 
structure with LLTO.  
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According to the results presented above, the second phase should at least be a Li-Ti-O 
compound that is quite Li-rich and shows TiO6 octahedra. Among the impurities 
commonly observed in LLTO,27, 28, 30 the monoclinic Li2TiO3 (space group C2/c) appears 
to meet all these conditions. Its structure is similar to that of Li2MnO3-based Li-rich 
layered cathode materials,36, 37 where the characteristic alternation between LiTi2 and pure 
Li layers may accommodate a lot more Li than LLTO. Besides, the TiO6 octahedra 
inferred from the t2g/eg splitting of Ti-L2,3 (Figure 2C) are also present.36, 37 In order to 
verify this speculation, atomic-resolution STEM imaging was performed. Viewing along 
the orientation in Figure 1 (where the surrounding LLTO was aligned along <110>p), the 
second phase agreed well with C2/c Li2TiO3 on its [101�] axis. In HAADF-STEM mode 
(Figure 3A), the bright spots corresponded to the atomic columns containing Ti and Li, 
while those with O only (one of them pointed out by the red arrow) were barely visible 
due to its small atomic number. Fortunately, these light elements can be better visualized 
in the annular bright field (ABF) STEM, whose contrast depends on Z1/3 instead of Z1.5-1.8 
(Z is the atomic number).38 As shown in Figure 3B, the O columns revealed by this mode 
were consistent with the overlaid atomic model too. Figures 3C and 3D compare the fast 
Fourier transformation (FFT) pattern of the STEM images with the simulated electron 
diffraction pattern of Li2TiO3. They matched very well with each other in terms of both d 
spacing and angles between reciprocal lattice vectors. In order to further confirm the 
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structure, we examined the second phase when LLTO was aligned on <100>p, instead of 
<110>p. The results are displayed in Figures 3E-3H. Again, the HAADF, ABF, and FFT 
patterns all agreed quite well with Li2TiO3. The zone axis here was determined as [343�], 
which was 45.08° to the [101�] zone axis in Figures 3A-3D, consistent with the angle 
between <100>p and <110>p in LLTO (45.00°). With the corroborating evidences 
described above, it should be safe to conclude that the second phase adopted a Li-rich 
layered structure similar to Li2TiO3.  
 
However, this does not necessarily mean the second phase is Li2TiO3. The Li-rich layered 
compound Li2MO3 (M = transition metal element with the 4+ oxidation state), or 
Li(Li1/3M2/3)O2, maintains most structural features in the ordinary layered cathode 
LiM’O2 (M’ = transition metal element with the 3+ oxidation state).39 Except that the 
former shows a Li-M ordering in its LiM2 slabs, they are basically isostructural. 
Therefore, Li2MO3-LiM’O2 and pure Li2MO3 are indistinguishable under many 
circumstances,39 including being examined along the two axes discussed above. In other 
words, Figure 3 narrowed down the possibility to Li2TiO3 and Li2TiO3-LiTiO2, but cannot 
tell which one is the second phase.  
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Fortunately, they can be discerned from other perspectives. By introducing LiM’O2 into 
Li2MO3, the characteristic Li-M ordering in Li2MO3 will be disrupted, leading to the 
emergence of disordered regions that are isostructural with LiM’O2.39 Therefore, should 
such regions be observed to coexist with ordered ones, the second phase must be Li2TiO3-
LiTiO2, instead of pure Li2TiO3. Among the observation axes that may serve this purpose, 
[103] would be an ideal one. The reason is illustrated in Figure S3. When viewed along 
[100], the alternating Li and LiTi2 slabs (examples arrowed in purple and red, 
respectively) in Li2TiO3 are visible.39 Due to the regular −Li−Ti−Ti− arrangement in LiTi2 
slabs, every three (060) planes consist of one Ti-rich and two Li-rich ones. This feature 
was referred to as the “three-times-periodicity” in literature.40 When the crystal is rotated 
~90° about [010] (lower-middle atomic model in Figure S3A), (060) planes remain edge-
on. Therefore, the three-times-periodicity persists, leading to superlattice spots at 1/3 and 
2/3 positions of related reciprocal lattice vectors in the simulated electron diffraction 
pattern (Figure S3C). Note that the primary spots in this diffraction pattern form a virtual 
6-fold symmetry, implying that the three-times-periodicity in (060) may as well happen in 
the other two symmetrically equivalent planes, i.e., (3�31) and (331�), and gives rise to 
corresponding superlattice spots (Figures S3B and S3D, respectively). These are all the 
three possible domain orientations of Li-Ti ordering. That is, any region showing none of 
their associated superlattice spots (Figures S3B-S3D) must be disordered. As the 
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observation axis that may verify the existence for all of them, [103] was selected for 
study.  
 
The ABF-STEM image of the second phase along [103] was displayed in Figure 4A. In 
order to better visualize the ordering, it was processed by an FFT-based method.25 Figure 
4B shows the FFT pattern of the image in Figure 4A. As expected, all three sets of 
superlattice spots were present. If a mask was applied to cover everything except the set 
of superlattice spots associated with (060) (circled in red in Figure 4C), the corresponding 
inverse FFT pattern will exhibit contrast only for the regions giving rise to these 
uncovered spots (Figure S4A). Likewise, domains associated with the other two sets of 
superlattice spots (circled in green and blue, respectively, in Figure 4C) may also be 
delineated (Figures S4B and S4C, respectively). By overlapping these three sets of color-
coded domains (Figure 4D), the presence of completely dark regions that produced none 
of these ordering-induced superlattice spots were immediately revealed. Based on the 
discussion above, they must be disordered. Furthermore, the actual volume fraction of 
disordered regions should be much larger than it appeared here. We found that, compared 
to stacking along [103], i.e., the viewing direction in Figure 4D, differently oriented 
Li2TiO3 domains are highly unlikely to form side-by-side connections (Supplementary 
Note 2). Therefore, in Figures S4A-S4C, most (if not all) of the dark regions neighboring 
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the ordered ones within the same viewing plane should be disordered too. The 
demonstrated presence of disordered regions suggests the second phase should be 
Li2TiO3-LiTiO2, instead of the long-range ordered Li2TiO3. Beyond the structure, the Ti 
valence is indicative of the same scenario. Since Ti exists as Ti4+ and Ti3+ in Li2TiO3 and 
LiTiO2, respectively, the second phase with an average Ti valence of 3.54+ (Figure S2) 
cannot be Li2TiO3, but (1-x)Li2TiO3-xLiTiO2 with an estimated x of 0.46. That is, the 
second-phase particle is isostructural with the high-capacity Li-rich layered electrodes 
Li2MO3-LiM’O2.39 What Figure 1A really revealed is a member within this family of 
appealing electrodes being embedded into the LLTO solid electrolyte, in an epitaxial 
manner.  
 
Mechanism and implication 
It should be noted that the epitaxial contact here did not form out of a coincidence in 
lattice parameters. On the contrary, as shown in Figure 5A, the distance between the 
nearest neighboring atomic planes in the second phase (2.10 Å, denoted as d2nd-phase 
below) was quite different from that in LLTO (1.96 Å, denoted as dLLTO below), leading 
to a lattice mismatch as large as 7.14%. Consequently, the interface must see crucial 
strain behaviors. Indeed, when we performed geometric phase analysis (GPA)41, 42 on 
Figure 5A, the strain map indicated a periodic appearance of  εxx maxima along the 
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interface (Figure 5B). By overlapping the strain map with the HAADF-STEM image 
(Figure 5C), we found that εxx maxima happened every 15 atomic planes in the second 
phase. Within these 15 atomic planes (region A in Figure 5C), the lattice of LLTO 
matched quite well with that of the second phase, while both the perovskite and Li-rich 
layered structures persisted across the interface (Figure 5D). In contrast, regions at εxx 
maxima were more disrupted (Figure 5E). The atomic planes of the two phases no longer 
corresponded well to each other. Besides, a structural reconstruction happened at the 
interface, where the atomic configuration can be described by neither perovskites nor Li-
rich layered compounds. These phenomena suggest that the εxx maxima were essentially 
misfit dislocations. Interestingly, the distance between every two dislocations and the 
value of d2nd-phase/(d2nd-phase-dLLTO) were both 15. Such a coincidence provided important 
insights into the mechanism of interface formation: when the difference between d2nd-phase 
and dLLTO was accumulated for 15 atomic planes, its value reached d2nd-phase. At this point, 
if one entire atomic plane was missing from the second phase, the difference of d2nd-phase 
would be perfectly canceled. Fortunately, the misfit dislocations emerged to serve this 
purpose. By offsetting the lattice mismatch every 15 atomic planes, they ensured an 
atomically intimate, pervasive contact between two materials that showed a large lattice 
mismatch of 7.14%. It should be noted that most layered cathodes display a much smaller 
lattice mismatch with LLTO (3.70% and 2.25% for Li1.2Ni0.2Mn0.6O243 and LiCoO2,44 
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respectively). Therefore, similar epitaxy should happen in a broad spectrum of layered 
cathodes.  
 
Rudimentary investigation of electrochemical performances 
Although the present work is intended to focus on the epitaxial relationship between the 
layered electrode and perovskite electrolyte, rudimentary attempts have also been made 
to probe its effects on electrochemical performances. To this end, a composite electrode 
was prepared via the epitaxial contact between 0.54Li2TiO3-0.46LiTiO2 (referred to as 
LTO below) and LLTO (1:1 in volume ratio). The epitaxy was realized by crystallizing 
LLTO on the surface of LTO particles. More specifically, the gel formed during the 
synthesis of LLTO was first calcined at 500 °C to create the inorganic amorphous powder 
with the same stoichiometry. Then, this powder was mixed thoroughly with the well 
crystallized LTO powder, pressed into pellets, and then sintered at 1250 °C. During this 
process, the surfaces of LTO particles would serve as the template for the crystallization 
of LLTO, leading to the epitaxial structure.  
 
The composite electrode prepared this way exhibited only the perovskite and layered 
phases according to x-ray diffraction (Figure S6), while the epitaxy observed in Figure 1 
15 
 
was also successfully realized. The diffraction-contrast TEM image (Figure S7A) clearly 
shows that a particle with brighter contrast was embedded within another phase showing 
darker contrast, and high-resolution transmission electron microscopy (HRTEM) 
confirmed that their contact was epitaxial (Figure S7B). The diffraction patterns of the 
particle with brighter contrast (Figure S7C) and the surrounding phase (Figure S7D) can 
be well indexed with monoclinic Li2TiO3 along [101�] and tetragonal LLTO along 
<110>p, respectively. These are in excellent agreement with the observation in Figure 1. 
Since the composite electrode contained a lot more LTO than the LLTO specimen in 
Figure 1, its LTO crystallites were located both inside and outside the LLTO grains, as 
shown in the backscattered-electron (BSE) image (Figure S7E). In this mode, the phases 
consisting of heavier elements gave rise to higher intensity.45 Therefore, regions showing 
the brightest contrast were LLTO, while others were LTO; the presence of regions with 
two slightly different intensities in LTO arose from the coexistence of Li2TiO3 and LiTiO2 
domains. Although only a part of LTO crystallites were embedded within LLTO grains 
(arrowed in red in Figure S7E), the epitaxial relationship between these two structures 
ensured a seamless interface everywhere, no matter whether a “core-shell” configuration 
like Figure 1 was formed (Figures S7E and S7F). As a result, the relative density of our 
epitaxial composite electrode reached a quite high value of 94.2%, which greatly 
surpassed the typical values (70-80%) achievable by pressing the solid electrolyte and 
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electrode together.14 Its ionic conductivity was measured to be 6.27 × 10-7 S cm-1 at room 
temperature (Figure S8 and Supplementary Note 3).  
 
With the intimate electrode-electrolyte contact well realized in the epitaxial composite 
electrode, its electrochemical performances were compared with those of the slurry-cast 
composite electrode in conventional Li-ion batteries. For this purpose, the two cells 
below were assembled:  
Cell A: Slurry-cast composite electrode | liquid electrolyte | Li metal 
Cell B: Epitaxial composite electrode made of LTO and LLTO (1:1 in volume ratio) | 
liquid electrolyte | Li metal 
It should be noted that the high density of the epitaxial composite electrode (94.2%) 
ensured that most (if not all) LTO crystallites within the pellet were contacted with the 
solid electrolyte only, although liquid electrolyte also existed in Cell B. In contrast, the 
electrode particles in Cell A were directly exposed to liquid electrolyte. Given that 
everything else was largely the same between Cells A and B, comparison of their 
electrochemical performances can straightforwardly reflect the differences between the 
slurry-cast and epitaxial composite electrodes. Figure 6A displays the charge/discharge 
curves of Cell A under the current density of 12 mA g-1 at 60 °C. In the first cycle, 
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0.54Li2TiO3-0.46LiTiO2 may only be discharged, i.e., lithiated; the attempt to charge 
yielded virtually zero capacity. Clearly, it inherited the behavior of Li2TiO3, which may 
be further lithiated but cannot be initially delithiated.46 The presence of two voltage 
plateaus, instead of just one as observed in Li2TiO3, may be attributed to the coexistence 
of Li2TiO3 and LiTiO2 components, whose different frameworks could result in distinct 
voltages. After the initial discharge, the plateau at ~1.0 V disappeared, leading to a large 
capacity loss. This could result from an irreversible phase transition induced by deep 
lithiation. Regardless, the electrode appeared quite stable afterwards. The remaining 
capacity associated with the ~1.5 V plateau barely degraded in the following cycles.  
 
Figure 6B shows the charge/discharge curves of Cell B under the same conditions. The 
first-cycle capacity reached a value (170 mAh g-1) nearly identical to that of Cell A. 
Nevertheless, in the following cycles, the disappearance of the ~1.0 V plateau and the 
associated capacity loss in Cell A never happened in Cell B. This could be attributed to 
the surrounding LLTO; it may “pin down” the initial structure of LTO through the 
epitaxial interfaces, preventing the phase transition that eliminated the ~1.0 V plateau. By 
the same token, an overly deep lithiation destabilizing the LTO structure might also be 
prohibited, which explained the relatively short ~1.0 V plateau in Cell B. Beyond this, the 
epitaxial composite electrode can also extract capacities from LLTO, whose A-site 
18 
 
vacancies allowed for lithiation at ~1.5 V.47 As a result, the ~1.5 V plateau in Cell B 
appeared slightly elongated with respect to Cell A; assuming all the A-site vacancies in 
LLTO were filled due to lithiation, it would contribute 24 mAh g-1 capacity (based on the 
weight of LTO in the epitaxial composite electrode studied here), matching very well 
with the difference in the ~1.5 V plateau length between Cells A and B (Figures 6A and 
6B). However, even if this additional capacity was not considered, the reversible capacity 
of Cell B was still higher than that of Cell A (143 mAh g-1 vs. 91 mAh g-1 at the 5th 
cycle). In addition to 60 °C, Cell B also showed excellent cycling stability at 25 °C. The 
total reversible capacity, although slightly lower than that at 60 °C, stabilized at a 
relatively high value of 158 mAh g-1 after the initial discharge. Generally speaking, the 
epitaxial composite electrode delivered quite stable capacities that were free from the 
large first-cycle loss observed in the slurry-cast electrode.  
 
Figure 6D compares the rate performances of Cells A and B at 60 °C. The initial 
discharge capacities were nearly the same. Nevertheless, due to the preservation of the 
~1.0 V plateau and the additional 24 mAh g-1 capacity from LLTO, Cell B exhibited a 
much higher capacity than Cell A after the first cycle. When the capacities stabilized, the 
current density was increased stepwise every five cycles. For both cells, the capacity 
barely degraded at each rate increase. If we take the average capacity of the 6th-10th 
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cycles as the “initial stabilized capacity” for each cell, at 120 mA g-1 Cells A and B 
maintained 88.7% and 92.2% of such capacities, respectively. When the current density 
returned to 12 mA g-1, Cells A and B may still deliver 98.3% and 98.8% of their initial 
stabilized capacities, respectively. The epitaxial composite electrode clearly displayed a 
rate capability no lower than the slurry-cast one. After this measurement, SEM was 
performed on the epitaxial composite electrode (Figure S9). Interestingly, although some 
cracks developed locally, few, if any, crack ran along the epitaxial interfaces. The 
seamless solid-solid contact was largely preserved after 30 cycles at different current 
densities up to 120 mA g-1, which ensured the excellent rate performances observed in 
Figure 6D.  
 
The data above clearly demonstrated that the epitaxy approach proposed here is quite 
effective in addressing the electrode-electrolyte contact issue in solid-solid composite 
electrodes. While the widely adopted cold-pressing method may hardly form seamless 
electrode-electrolyte contact (Figure 7A),14 the solid-solid epitaxy can make such contact 
no less intimate than one between solid and liquid (Figure 7B), enabling a rate capability 
comparable to that of conventional Li-ion batteries with liquid electrolyte. Besides, the 
layered electrode and perovskite solid electrolyte showing such epitaxy both possess 
numerous appealing derivatives,26, 29 and, thanks to the periodic misfit dislocations, the 
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epitaxy may also tolerate large lattice mismatch between the two components. Therefore, 
our strategy should be widely applicable to a broad spectrum of layered electrodes and 
perovskite solid electrolytes.  
 
On the other hand, it should also be emphasized that the strategy proposed here only 
targets the electrode-electrolyte contact issue within the solid-solid composite electrode, 
while the construction of all-solid-state cells demands extra efforts. Note that Cell B here 
still used liquid electrolyte to separate the epitaxial composite electrode and Li metal. If 
this liquid electrolyte were replaced by a pure solid-electrolyte layer to form an all-solid-
state cell, many more issues would need to be considered. For example, the contact 
between the epitaxial solid electrolyte and the pure solid-electrolyte layer must be very 
intimate too, and the interfacial resistance should be minimized. Special attention must 
thus be paid on materials selection and interface preparation. Beyond this, the epitaxial 
composite electrode will undergo repeated thickness change during cycling. If its 
interface with the solid-electrolyte layer cannot survive this procedure, the battery would 
fail prematurely. As such, mechanical behaviors become another concern. In a word, 
before highly efficient all-solid-state batteries can be constructed, there remained a lot to 
explore in materials design, interface optimization, cell assembly, etc.. The intimate solid-
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solid electrode-electrolyte contact reported here merely brought us one step closer 
towards this goal.  
 
CONCLUSIONS 
In summary, we discovered that epitaxial interfaces may form between perovskite solid 
electrolytes and Li-rich layered electrodes. Electrode particles were observed to be 
embedded within the lattice of solid electrolytes, resulting in an intimate, pervasive 
electrode-electrolyte contact. The solid-solid composite electrode formed this way 
exhibited a high rate capability that nearly surpassed the one based on solid-liquid 
contact. With the periodic misfit dislocations reconciling the structural differences, 
similar epitaxy can be expected between numerous perovskite solid electrolytes and 
layered electrodes. This discovery pointed out a novel strategy for addressing the solid-
solid electrode-electrolyte contact issue: instead of being pressed together with and thus 
poorly covered by solid electrolytes, the electrode particles could be introduced into the 
matrix of solid electrolytes in an epitaxial manner. The resulted seamless contact 
maximizes the number of Li transport pathways, fulfilling a pivotal prerequisite for 
unlocking the full potential of solid electrolytes.  
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METHODS 
Materials. (Li0.33La0.56)TiO3 powders were prepared using the sol-gel method. LiNO3, 
La(NO3)3⋅6H2O, tetrabutyl titanate, and the complexing agent acetylacetone were used as 
starting materials. LiNO3 and La(NO3)3⋅6H2O were dissolved in ethylene glycol 
monomenthyl ether, and then mixed with tetrabutyl titanate and acetylacetone. After 
drying at 70 °C to form the gel, the calcination was performed at 900 °C for 6 hours, 
leading to the (Li0.33La0.56)TiO3 powder. In order to prepare high-density ceramics, the 
calcined powder was ball milled for 12 hours in isopropanol, dried, and pressed into 
pellets with a diameter of 12 mm. After sintering at 1350 °C for 6 hours, the pellets were 
annealed at 800 °C for three days to induce long-range ordering, so that the distraction 
from mesoscopic ordering can be minimized in electron microscopy observation.25 
During all these sintering/annealing processes, the pellet was buried in the powder with 
the same composition.  
0.54Li2TiO3-0.46LiTiO2 was prepared through the Pechini method. Ti powder was first 
dissolved in the mixture of H2O2 solution (30 wt%) and aqueous ammonia (25-28 wt%), 
followed by the addition of citric acid. Li2CO3 was then dissolved in nitric acid (30wt%) 
and added to this solution. After the addition of ethylene glycol, the solution was heated 
at 150 °C to form the gel, and then at 350 °C to obtain the precursor powder. A 
23 
 
subsequent calcination at 900 °C for 3 hours led to phase-pure powders with the layered 
structure.  
In order to prepare the composite electrode with epitaxial contact, the gel formed during 
the synthesis of (Li0.33La0.56)TiO3 was first heated at 500 °C for 12 hours, leading to an 
amorphous powder. This powder was then mixed with 0.54Li2TiO3-0.46LiTiO2 in an 
agate mortar and pressed into pellets. The sintering was performed at 1250 °C for 6 hours 
with the pellet buried in the powder with the same composition. After sintering, the 
amorphous (Li0.33La0.56)TiO3 crystallized on the surfaces of 0.54Li2TiO3-0.46LiTiO2 
particles, forming epitaxial contact. The densities of the sintered pellets were estimated 
using Archimedes’ method. The crystal structures of all the aforementioned materials 
were confirmed by x-ray diffraction.  
Electron microscopy. Transmission electron microscopy (TEM) specimens were 
prepared by mechanical polishing followed by Ar ion milling with liquid nitrogen 
cooling. The ion milling began with 3 kV and 4 mA, and finalized at 1.5 kV and 3 mA to 
remove the surface amorphous layer. The specimen was stored under 10-5 torr vacuum 
until observation. The conventional TEM study was performed on a JEOL JEM-2010 
microscope. The STEM/EELS study was performed on an aberration-corrected FEI Titan 
Themis TEM/STEM equipped with a Gatan Image Filter Quantum-965. To avoid 
possible electron beam damage, the microscope was operated at 200 kV with dose rates 
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below 12 e-/Å2⋅s. The HAADF and ABF images presented here were Fourier-filtered to 
minimize the contrast noise. In addition, the image distortion caused by specimen drift 
was corrected using the post-processing software Jitterbug (HREM Research Inc.).48 
Such processing did not introduce any artifact that may alter our conclusions. The strain 
map was calculated from the STEM images using a GPA program compatible with 
Digital Micrograph.41, 42 The EELS data were collected in STEM mode at 200 kV using a 
5 mm aperture and an energy dispersion of 0.1 eV per channel. The scanning electron 
microscopy (SEM) observation was performed on an FEI Apreo field-emission SEM 
operated at 2 kV under the backscattered electron imaging mode.  
Electrochemistry. The charge and discharge characteristics were examined using the 
CR2032 coin-type cell. The cell assembly was conducted in an argon filled glove box. 
Cells A and B both utilized Li metal as the counter electrode, polypropylene as the 
separator, and 1M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/ethyl 
methyl carbonate (EMC) (1:1:1 in volume ratio) as the electrolyte. Their difference lies in 
the working electrode. For Cell A, 0.54Li2TiO3-0.46LiTiO2 powder was mixed with 
Super-P and Polyvinylidene fluoride at a weight ratio of 7:2:1 in N-methyl pyrrolidone 
solvent. The slurry was then cast onto Cu foil and dried in a vacuum oven for overnight to 
make the working electrode. For Cell B, the epitaxial composite pellet was polished to 81 
µm thick to serve as the working electrode. The surface in direct contact with the cell 
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case was sputtered with Au before cell assembly. The mass loadings of 0.54Li2TiO3-
0.46LiTiO2 in Cells A and B are 1.3 and 9.3 mg cm-2, respectively. The galvanostatic 
charge/discharge curves were measured using a Neware BTS81 battery testing system 
between 0.5 and 2.5 V at different current densities and temperatures. The specific 
capacity and current density were calculated based on the weight of 0.54Li2TiO3-
0.46LiTiO2 in the working electrodes.  
Simulations. The Li2TiO3 supercell was constructed in the size of 8 × 4 × 4 unit cells and 
relaxed using the molecular dynamics (MD) method. The simulated area satisfies periodic 
boundary conditions in all three directions. The MD simulation was performed with the 
LAMMPS package.49 A Buckingham short-range potential was used to model the 
interactions between atoms with the parameters taken from literature.50 Here we used the 
periodic boundary condition in three dimensions to eliminate the extra interfacial energy 
in the simulation box boundary. We performed 3 million MD steps with a time step of 0.5 
fs. In all our simulations, the first two million steps were used to relax the models with 
the isothermall-isobaric ensemble (NPT) and canonical ensemble (NVT) at 1 K. Then the 
following steps were used to obtain an energy steady state with the canonical ensemble 
(NVT). The force and energy of the system were minimized before we obtained the 
domain-wall energy.  
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Figure 1. Second-phase particle epitaxially embedded within LLTO. (A) HAADF-
STEM image of the second-phase particle (central region showing dark contrast). The 
surrounding LLTO was aligned along the <110>p axes. (B-D) High-magnification 
HAADF-STEM images of regions I (B), II (C), and III (D) in (A). The atomic models of 
LLTO along [11�0]𝑝𝑝 and [101�]𝑝𝑝 were overlaid on (B) and (C), respectively (here 
[001]p was arbitrarily designated as the direction along which the alternate stacking 
between La-rich and La-poor layers happened).  
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Figure 2. EDX and EELS analyses of the second-phase particle. (A) Comparison of 
the HAADF-STEM image (left) and EDX mapping results (right). (B-D) EELS results of 
Li-K (B), Ti-L2,3 (C), and O-K (D) edges. The Ti-L2,3 edges in (C) were normalized to the 
integrated intensity of Ti-L3. The O-K edges in (D) were normalized to the integrated 
intensity of the entire Ti-L2,3.  
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Figure 3. Structure analysis of the second-phase particle. (A and B) HAADF-STEM 
(A) and ABF-STEM (B) images of the second-phase particle when the surrounding LLTO 
was aligned on <110>p. The overlaid atomic model is the monoclinic Li2TiO3 on [101�]. 
One of the pure O columns is arrowed in red. (C) FFT pattern of the image in (B). (D) 
Simulated electron diffraction pattern of Li2TiO3 on [101�]. (E and F) HAADF-STEM 
(E) and ABF-STEM (F) images of another second-phase particle, whose surrounding 
LLTO was aligned on <100>p. The overlaid atomic model is the monoclinic Li2TiO3 on 
[343�]. (G) FFT pattern of the image in (F). (H) Simulated electron diffraction pattern of 
Li2TiO3 on [343�].  
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Figure 4. Presence of disordered regions. (A) ABF-STEM image of the second-phase 
particle on [103]. (B) FFT pattern of the image in (A). The bright arrows pointed out two 
of the superlattice spots associated with Li-Ti ordering. (C) FFT pattern of the image in 
(A) with the three sets of superlattice spots circled in red, green, and blue, respectively. 
They were used to generate the inverse FFT patterns with the corresponding colors in 
Figure S4. (D) Image reconstructed by overlapping the three inverse FFT patterns in 
Figure S4.  
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Figure 5. Interfacial misfit dislocations reconciling the structural differences. (A) 
HAADF-STEM image of the interface between LLTO and the second-phase particle in 
Figure 1. The distances between the nearest neighboring atomic planes were measured to 
be 1.96 Å and 2.10 Å for LLTO and the second phase, respectively. (B) εxx strain map 
obtained by performing GPA on the image in (A). (C) The HAADF-STEM image in (A) 
overlapped with the εxx strain map in (B). (D and E) HAADF-STEM images of regions A 
(D) and B (E) in (C).  
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Figure 6. Rudimentary investigation of electrochemical performances. (A and B) 
Charge/discharge curves of Cells A (A) and B (B) under the current density of 12 mA g-1 
at 60 °C. (C) Charge/discharge curves of Cell B under the current density of 12 mA g-1 at 
25 °C. (D) Rate performances of Cells A and B at 60 °C.  
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Figure 7. Schematic illustration of the atomically intimate solid-solid electrode-
electrolyte contact. (A) Pressing the solid electrolyte and electrode together always 
results in poor contact between them. (B) Embedding electrode particles within the grains 
of solid electrolytes through the mechanism discovered here may create seamless solid-
solid electrode-electrolyte contact.  
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